Abstract -A wireless strain sensor system has been designed to monitor the bladder volume in patients suffering from urinary incontinence. An interdigitated capacitive (I DC) strain sensor was micro-machined from a 127-/lm thick brass shim with a laser system, followed by an encapsulation process to package the sensor in elastic polydimethylsiloxane (PDMS). A proof-of concept passive telemetry platform was developed to employ the sensor in vivo and a commercial wireless module was utilized for networking and data recording. The system includes a transducer implant, an external wearable unit and a base station.
I. INTRODUCTION

Urinary incontinence (UI) is the involuntary loss of urine due to bladder control dysfunctions. 25 million adult
Americans experience transient or chronic UI and among whom 9-]3 million patients have severe symptoms according to the National Association for Continence. Besides the inconvenience and discomfort, urinary incontinence may lead to serious problems such as kidney failure. Dysfunctions in urinary bladder cut off the sensory feedback to the central nervous system making the patient incapable of knowing when to induce urination and void the bladder. In long term, this can cause urine to flow back into the kidneys, resulting in kidney damage and thus the need of hemodialysis for patients [1] [2] .
Various methods to manage the bladder voiding have been proposed to monitor the bladder volume with sensors or noninvasive measurements [2] [3] . Catheterization has been used to sense the bladder volume, but it is highly invasive, inconvenient and may lead to bladder infection. It has been proposed that a pressure sensor mounted between the walls of the bladder to detect the pressure before and after voiding in order to determine the bladder volume. However, it was not reliable due to motion artifacts from patients and in some cases the urinary bladder has an ability to maintain similar pressures before and after voiding [2] . Ultrasound measurement has been widely used to detect the overall bladder volume by the nonlinear wave distortion from water and tissues. However, the bulkiness of measurement complex signal processing and recognition [2] .
The bladder walls with mucosa, sub-mucosa, detrusor muscle and serosa layers are elastic and the strain information in the serosa tissue can be correlated to the bladder volume.
Resistive-based strain sensors attached to the bladder wall to measure the urine volume have been demonstrated [2] [3] .
However, they were bulky in size and lacked the integration with a wireless transduction system.
In this work, we developed a sensitive strain sensor integrated with a passive transduction mechanism and a wireless system to monitor in vivo the bladder volume in a patient continuously. The strain sensor is based on variable capacitance employing an interdigitated finger metal structure 
II. OESIGN AND FABRICATION
A. IDC strain sensor
The IDCs were made with a 127-!im thick brass shim by a 
B. System design
The system blocks are illustrated in Fig. 3 . The RF powering from the wearable unit to the implant utilized an operating frequency of 1.3 MHz with a duty cycle of 30%.
The sensor signal transduction was conducted with load modulating at the same operating frequency.
The communication between the wearable unit and the base station was based on two eZ430RF2500 (Texas Instrument) (
1) The implant
The passive implant consists of a coil antenna (L2), a I-nF capacitor (C2), a switch, an energy harvesting circuit, a relaxation oscillator and the IDC sensor. A 24-tum coil antenna made of 30A WG magnet wires has a size of 1 x2 cm 2 resulting in a value of 15 !iH, forming a resonance with C2.
The resonance frequency is also at 1.3 MHz so the power received in L2 is maximized.
A voltage multiplier was utilized with a series of diodes and capacitors to increase the transduction distance [5] . The output of the 4-stage voltage multiplier was connected to a 2.5-V
RF powering
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The frequency generated can be calculated as
2 In(3)R4C/D C and with the designed ClDe values, the modulated frequency is in the range of 12-15 kHz.
(2) The wearable unit 
V. EXPERIMENTS AND RESULTS
Experiments were conducted at a distance of 10 cm in air between the coil antennas of the wearable unit and implant. 
A. Sensor calibration
The IDC strain sensor was calibrated in a cantilever beam setup (Fig. 5) . The sensor was glued with epoxy on top of the cantilever with a distance of 1.76 cm from the fixed end. The strain at the sensor location can be calculated as
x Ebt3 where P is the load applied at the free end, L is the length of the cantilever, E is the Young's modulus of the cantilever material, x is the distance to the fix end, b is the width and t is the thickness of the cantilever. In the free end of an aluminum 
B. Bladder model experiment
Typically, the maximum volume of a human bladder is 550 ml and the volume at which patients should trigger voiding is 400 ml. Assuming that the bladder is a perfect sphere, its The initial capacitance was reduced when the sensor was attached on the balloon. This was due to the bending of the interdigitated fingers on the curvature of the balloon surface.
When the balloon expanded, the capacitance reduced due to strain, but on the other hand the curvature of bending was reduced which increased the capacitance. The opposite effects may not be a practical issue since the sensor will be calibrated after it is implanted to suit individual patient's need.
The real-time fluctuations in frequency outputs were due to the motion artifacts when the air was pumped into the balloon and the resolution limit in the strain detection. By increasing the period to count pulse numbers in MSP430, a more stable output could be achieved. However, it will reduce the response time. It may not be a serious issue considering that it takes minutes for urine production before it enters the bladder.
To reduce the fluctuations, the resolution (frequency shift per strain change) could be increased by increasing the frequency range of the relaxation oscillator in the implant.
Our wireless system architecture is capable of monitoring multiple patients and/or mUltiple sensors simultaneously. In the latter case, the identification information could be embedded in the modulated frequency range for each sensor. 
